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(Under the direction of Dr. James C. Lanb).

One of the approach for inproving reliability of
bi ol ogi cal phosphorus removal coul d be adding alumto
activated sludge mxed liquor. Qher studies of [imted
scope had suggested that such additions mght adversely
affect nitrification in the treatment system In many plants
that nust neet a stringent effluent ammonia [imt, that

situation coul d cause serious problens in meeting permt
requirenents.

A bench-scal e sequencing batch reactor (SBR) experinment
was conducted, using a control unit wthout alumaddition and
three units that received different dosages of alum The
results showed that: 1) Adding al umseens have no adverse
effect on biological phosphorus renoval, 2) the addition of
al ummay exert adverse effects on nitrification, and 3)
acetate plays an inportant role in biological phosphorus

r enoval .
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I NTRODUCTI ON

The eutrophication of |lakes and rivers is a serious
problemin many of our natural waters. Phosphorus is one of
the nutrients that often can limt devel opnent of eutrophic
conditions and, therefore, the amount of phosphorus that can
be di scharged i n wastewat er di scharges has been |imted by

regul atory agencies in nmany areas.

There are two broad categories of phosphorus renoval
processes. The first is chem cal precipitation using alum
iron salts or line. Its main disadvantage is the cost for
chem cal s and sl udge handling. Another approach is biologica
phosphorus renoval (BPR) in an activated sludge process.
This has the potential for better cost-benefit relationships
than chem cal precipitation processes. However, BPR nay not
be operated as easily as chem cal precipitation for reliable
phosphorus renoval because the nechani sns of BPR are stil
not well understood, and design and operating standards are

|l ess well devel oped.

One approach to assure neeting the limts for effluent
phosphorus concentration is to add chem cals after the BPR
system as post-treatnent to conpensate for uncertainty of

BPR processes. This would require construction and operation

of an additional set of final clarifiers.
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Al t hough conbi ned chem cal - bi ol ogi cal treatnent which
renmoves phosphorus by adding alumto activated sl udge
aeration tanks was investigated and proved feasible in the
1970's, those studies included only consideration of
conventional activated sludge processes. |If BPR is possible
simul taneously with alum addition, the result m ght be both
econoni cal and reliable. It is not clear, however, whether
t he conbi ned treatnent woul d adversely affect BPR perfornance
or nitrification. Therefore, it was decided to investigate

the i npact of adding chemicals to mxed |liquor in BPR systens.

Anong the processes nodified for BPR, sequencing batch
reactors (SBR) are felt by sonme to be highly prom sing
(Manning, 1985). The SBR is a recently devel oped technol ogy,
based on the fill-and-draw activated sl udge process. A
full -scale plant at Cul ver, |ndiana, has produced consistent
bi ol ogi cal renobval of phosphorus. This study used the SBR

process because of its potential for BPR and the sinplicity

of such an install ati on.
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The

OBJECTI VES

objective of this report are to;

review the theories of phosphorus renoval in

activated sludge processes;

review the technol ogy of sequencing batch reactors;

investigate the effects on BPR of adding alumto
bench scal e sequencing batch reactors; and

Investigate the effects on nitrification of adding
al umto bench scal e secfuencing batch reactors.
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LI TERATURE REVI EW

Theori es of Phosphorus Renoval in Activated Sl udge

Details of actual mechanisns involved in phosphorus
renoval during activated sludge processes are still largely
unresol ved. In general, phosphorus renoval nechanisns have been
explained mainly in terms of : (1) normal cell requirenents;

(2) luxury uptake; and (3) chemi cal precipitation

(1) Normal Cell Requirenent

Bacteria utilize phosphorus as part of their netabolic
processes in synthesizing mcrobial material, for which a
conposition of Ctoe 180 745 15 A -AM often cited (Lan et
al ., 1983). From anal yses of sludges, 2-3% of phosphorus on a
dry-wei ght basis often is reported. Usually 20 - 30 % of the
i nfl uent phosphorus may be renoved by mcrobial growth in
muni ci pal treatnent systens. This is based on the stoichio-
nmetric conposition of the mcroorganisns and the anounts of

cell material generated in biological processes.

(2) Luxury Uptake

Sonme investigators have reported that biol ogical storage,

or luxury uptake, is responsible for any further phosphorus

renoval beyond nornmal microbial growth requirenents. The
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mechani smcan be discussed fromtwo major aspects of
bi ochem stry and m crobi ol ogy.

a) Biochenm stry

Basical Iy, luxury uptake can occur when the organisns
are subjected to a seguence of anaerobic-aerobic conditions.
During the anaerobic phase, certain phosphorus-accunmul ating
organi sms hydrol yze stored pol yphosphate (poly-P) to sinple
orthophosphate (ortho-P) to obtain energy for the uptake of
organi ¢ substrates. Upon entering the aerobic stage, the
remaining substrates are oxidized, and some of the energy
derived fromthemis used to formpoly-P and cell material.

This results in [ow concentrations of both phosphorus and
organic substrate in the |iquid.

Barth and Stensel (1981) point out that the biologica
phosphorus removal capability for a given systemis a
function of the influent biochemcal oxygen demand (BCD) and
phosphorus concentrations, sludge residence time (SRT), and
phosphorus percentage in the sludge. Marais (1983) proposes a
popul ation selection theory that under anaerobic/aerobic
condi tions, poly-P accunul ating organisns gain an advantage
over non-poly-P accumul ating organisns. Fukase, Shibata, and
Myaji (1984), however, do not agree that poly-P nust be
present in phosphorus-renmoving organi sns. They point out
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that m croorgani sms containing poly-P appear to have no
advantage over others in adsorbing BOD under anaerobic
conditions. They conclude that not only the addition of an
anaerobic stage in the activated sludge process, but also the
i nfluent BOD concentration is inportant in enhancing
phosphorus renoval.  Manning and Irvine (1985) suggest that
an anaerobic period with excess substrate allows phosphorus-
accumul ating organisms to conpete favorably, and the aerobic
period which follows is essential to the final enrichment of

t he organi sns.

Florentz et al. (1984) have found that nitrates can
affect phosphorus assimlation by inhibiting release of
phosphorus to the liguid although they found no disturbing
effect on phosphorus assimlation inside the cell. Hascoet
and Florentz (1985) point out that the permssible nitrate
in return sludge depends on the influent chem cal oxygen
demand (COD). If the influent CODis sufficiently high, the
recycled nitrates have a negligible effect on the phosphorus

r enoval process.

Marasi s, Loewanthal, and Seibrite (1983) report that the
ability to formpoly-hydroxy butyrate (PHB) is inportant to
the phosphorus renoving organi sms. They suggest that PHB is
involved in the supply of ATP, reducing energy and carbon
source for a variety of synthetic pathways, especially under
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aerobi ¢ conditions. Potgi eter and Evens (1984) al so propose
that |uxury uptake of phosphate is the result of m crobes

exi sting under partial stress. Partial stress is caused by
an inbal ance in the biochem cal energy pool (in the form of
ATP and reduced cofactors), carbon source, and ot her

conmponents such as sul fide and amoni a.

In order to find the pathways of [uxury uptake, Florentz
et al.(1984) used "'P nucl ear magneti ¢ resonance (NVR) to
observe the displacenent of stored phosphorus fromthe poly-P
formto sol ubl e phosphorus (Pi) formduring the non-aerated
period. They state that this displacenent is very rapid in
the presence of carbonaceous pollution and is slowin its
absence. The transfer process reverses immediately upon
aeration. Their works are in agreement with the biochem ca
nodel proposed by Marais and co-workers (1983) who propose
the followi ng equation :

2 acetate + 2 ATP = acetoacetate + 2 ADP + 2 Pi
Wien the pollutant is degraded and stored in the organisns in
the formof acetoacetate, two nolecules of Pi are rel eased.
An osnotic pressure is created as the stored pol yphosphat e
decreases and the phosphorus in the cell increases. Thereby,
t he phosphorus diffuses through the cytoplasm c nenbrane and

I ncreases the phosphorus concentration in the bulk |iquid.
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b) M crobi ol ogy

Fuhs and Chen (1975), and Buchan (1983) report that
Aci net obacter spp can store phosphorus in metachromc volutin
granul es and mainly use acetic acid as substrate. N cholls
and Gsborn (1978) find good correl ation between the renoval
of phosphorus in an activated sludge plant and the presence
of the volutin granules in the organisms. They al so state
that not only Acinetobacter are responsible for the
accunul ation, but other facultative bacteria are also capable
of phosphorus renoval . Brodi ch and Joyner (1983) propose
t hat Aeronopnas and Pseudononas may al so contribute to
bi ol ogi cal phosphorus renoval. Florentz and Hartemann (1984)
further identify that Bacillus cereus and Pseudonpbnas cepacia
i ndividually accunul ate nmore phosphate during the stationary
phase than Acinetobacter in a neat extract medi um w thout
acetate. However, they point out that supplying acetate to a
pure culture of Acinetobacter entails a significant over-
accunul ati on of phosphorus which is stored in the form of
poly-P granules inside the cellular cytoplasm Letter (1985)
suggests that the short-chain carbon conpounds, such as
acetate and butyrate, can stimulate phosphorus accumul ation.
After conparing various short-chain carbon conpounds,
CGerber et al.(1986) report that the nost favorable conpounds

for stimulating phosphorus renmoval are acetate, butyrate,
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propi onate, and |actate. Chiesa and Bordacs (1986) suggest
that intermttent-carbon-suppl enmentation can be used to
i nprove long-termBPR efficiency and reliability. The
frequency and magni tude of suppl enental carbon addition

depends on the organic |oading history of the system

(3) Chemi cal Precipitation

As nentioned before, not all researchers agree that
enhancedphosphorus renoval is the result of biological
mechani sms.  Sone believe that the inproved phosphorus

removal results from physical -chem cal phenonena.

Menar and Jenkins (1969) hypot hesized that cal ci um
phosphate precipitation followed by sorption accounts for
exceedi ngly hi gh phosphorus renoval. They state that the
formation of a cal ci um phosphate sludge is induced by higher
pH, which is caused by decreased production and increased
stripping of carbon dioxide during the aeration period.

Riding et al.(1979) al so observed that nuch higher phosphorus
renoval can occur in wastewater which contains high
concentrations of calciumion. However, Ml ambto-MI|s et
al. (1983), and Gerber and Wnter (1984) find no significant
variation in cal ciumconcentration when the wastewater passes
t hrough anaer obi c, anoxi ¢, and aerobi c process stages. Wl sh

et al.(1983) believe the change in oxidation-reduction
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potential (ORP) between anaerobic and aerobi c phases
contributes to phosphorus removal. They report that cal cium
magnesi umand iron (potentially contained in the enzyne |ayer
on the exterior of cells) solubilize during the anaerobic
phase because of the |ow ORP;, these reactions cause the
phosphorus rel ease. During the aerobic phase, these ions

preci pitate inorgani c phosphorus because of the high ORP.

Ot her researchers contend that both biological and
chem cal precipitation mechanisms are involved in phosphorus
renoval , especially when renovals below 1 ng/1 are obtained
(Barnard, 1983; Lan, et al., 1983; Fukase,et al., 1984).
However, Lan et al. point out that for systens operating at
hi gh pH (pH>8), the precipitation of phosphorus by cal cium or
ot her netals can represent the nost inportant mechani sm
Arvin (1983) proposes that under anaerobic conditions,
bi ol ogi cal phosphorus release can initiate and accelerate
phosphate precipitation. Therefore, chem cal precipitation of

phosphorus in wastewater is inproved by the BPR process.
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Technol ogy of Sequenci ng Batch Reactor (SBR)

(1) Description of System

TheSBR is a fill-and-draw activated sl udge system which
may be conposed of two or nore tanks to acconmpdate a
continuous inflow of wastewater. Five discrete operating
periods occur for each cycle - FILL, REACT, SETTLE, DRAW and

| DLE.

FILL is the period of receiving raw waste with m xi ng
and/ or aeration to provide distinct, selective growh
conditions for mcrobial biomass (Mnning, 1985). The REACT
period follows and conpletes desired reactions by hol ding and
aerating contents of the full tank. SETTLE is the period in
whi ch the biomass is allowed to flocculate and settl e under
qui escent conditions for a predetermned tine. This is
followed by the DRAWperiod, in which the treated effluent is
decanted to the design mnimumliquid volume level. The IDLE
period is used for awaiting resunption of the influent

wastewater flowto refill the tank and start another cycle.

(2) Historical Perspective

SBR is the precursor to nodern day continuous flow

activated sludge technology. |In 1914, Ardern and Lockett

were anong the first to show the benefit of retaining
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substrat e-adapted organi sns for efficient treatnment. However,
this early fill-and-draw activated sl udge system was never
applied to any great extent because of the lack of suitable
aeration equi pnent to prevent plugging with stop-start
operation, the unavailability of automatic valving, timng,
and switching technol ogy and equi pnrent, and the | ack of
under st andi ng of the biokinetic advantages of batch systens

(Mandt, 1985)

Now new har dwar e devi ces, such as notorized val ves,
pneunmatical |y actuated val ves, solenoid valves, flowreters,
| evel sensors, automatic tinmers, and process controllers or
m croprocessors, have been devel oped and are available (Arora
et al., 1985). These inprovenents provide the capability for
SBR technol ogy to reach its full potential. EPA has been
re-eval uating SBR technol ogy since the early 1980s. During
t he past decade, researchers at the University of Notre Dane
have denonstrated the strong potential of SBR for energy
savings and reliable operation. Nevertheless, the |ack of
w del y accepted design standards has del ayed application of
SBR technol ogy. A full scale denonstration plant at Cul ver,
| ndi ana, has been funded and the results of that project may

facilitate the use of SBR s at other mnunicipal facilities.
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(3) COVWPARI SON OF SBR AND CONTI NUOUS FLOW PROCESSES

Conceptual |y, SBR involves tinmed unit processes which al
occur sequentially within the same vessel. A continuous fl ow
systeminvol ves specially related unit processes. Mndt

(1985) conpared SBR and continuous flow paraneters in a way

simlar to Table 1.

(4) Advant ages of SBR

Based on the evaluations by Arora et al.(1985) and Mandt
(1985), the advantages of SBR are:

a) Flow equalization is inherent, therefore, SBR can control
flows and organi ¢ shock | oads within the constraints of

react or vol une and oxygen supply.

b) The phases of SBR can be nodified, within limts, to

attain the desired effluent quality.

c) No return sludge punping and secondary clarifiers are

required.

d) Solid-liquid separation occurs under nearly idea

qui escent condi tions.

e) During the initial REACT period the oxygen utilization
capacity of organisns will generally exceed the transfer

capabilities of the aeration system Thus hi gher overal

13
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Tabl e 1.

PARANETER

Concept

I nfl ow

D schar ge
Organi ¢ Load
Hydraul i ¢ Load

Aer ati on

M xed Li quor

Clarification

Fl ow Pattern

Equal i zati on

Flexibility

Sour ce :

SBR

Ti me Sequence

Peri odi c

Peri odi c
Cyclic
Cyclic

Intermttent

Al ways in Reactor,

No Recycl e

Qui escent Settling

Perfect Pl ug

| nher ent

Consi der abl e

Mandt (1985)

COVPARI SON OF SBR AND CONTI NUOUS FLOW PROCESSES

CONTI NUOUS

Spati al Sequence

Cont i nuous
Cont i nuous
Even (by conventi on)
Even (by conventi on)

Cont i nuous

Recycl es Thr ough
Reactor and d arifier

Cont i nuous Fl ow

Conpl ete M x or
Appr oachi ng Pl ug

None

Li mted

14
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oxygen transfer efficiency can be achieved by the greater
driving gradient froman anoxic FILL to an aerobi c REACT

peri od.

f) Filamentous growth can be easily controlled by varying
the operating strategies during FILL. Floe form ng organi sns
are nore capable of storing substrate during anoxic periods

than fil amentous organi sns.

g) SBR can be operated to achi eve phosphorus renoval,

nitrification, or denitrification.

(5) Biological Phosphorus Renoval in SBR

As suggested by Manning and Irvine (1985), the
flexibility of SBR seens ideally suitable for biologica
phosphorus renmoval. They state that phosphorus release is
hast ened by the presence of sol uble COD during anaerobic
periods but also depends on the prior renoval of oxidized
nitrogen fromthe system They al so observe that the node of
operation can greatly affect sludge settling characteristics;
however, excellent biological phosphorus renoval can be

obt ai ned during periods of high sludge vol unme index (SVI>500
m/g).

Ketchum et al. (1987) conclude that the SBR operating

node provides a proper bal ance of anoxic, anaerobic, and
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aerobic conditions for biological phosphorus removal w thout
any chemcal addition. They propose that four nmajor groups
of organisns are involved in the SBR hiol ogical phosphorus
renoval : denitrifying organisns, fermentation product-

manuf act uring organi sms, phosphor us-accunul ating organi sns,
and aerobic heterotrophs and autotrophs.

Anaerobic conditions favor the fermentation product-
manuf acturing organi snms to use organics in the incomng
wast ewat er and produce by-products such as bi odegradabl e
acetic acid. Meanwhile, phosphorus-accumulating organi sns
rel ease stored poly-P to provide energy for accunul ating
these by-products. The subsequent aerobic conditions allow

phosphor us-accunul ating organi sns to use storage products for

grow h and providing energy to take up the phosphorus in
solution as intracellular poly-P. Further treatment is

achi eved by aerobic autotrophs and heterotrophs using
residual substrate. In the next FILL cycle, these organisns

are prepared to release poly-P and store by-products during
anaer obi ¢ condi ti ons. N

16
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EXPERI MENTAL DESI GN
Design Criteria

Since there are no w dely known standards for SBR design,
the SBR design in this study was based on other SBR studies,
whi ch were not shown here, and the suggestions given by Arora
et al. (1985). In this study, four reactors were operated
paral l el and an 8-hour operating cycle was used, with a 3-
hour FILL period (anaerobic phase), 4.25-hour REACT peri od
(aerobi c phase), 0.5-hour SETTLE period, and 0.25-hour DRAW
| DLE peri od.

During the FILL period, wastewater, sodium acetate,and
nitrogen gas were fed continuously into the reactors, and
m xers were used to provide adequate mxing. N trogen gas
was provided to hasten and insure anaerobic environment for
denitrification and phosphorus rel ease. The sodium acetate
was added as substrate according to suggestions by Mnning
(1985), Letter (1985), and Gerber (1986). At the end of the
FILL period, wastewater, sodiumacetate, and nitrogen gas
were stopped and air was provided for the REACT period.
Nitrification and phosphorus uptake happened during the REACT
period, and mxed liquors were wasted near the end of this
period. The volune of wasted mxed liquor is equal to the

total volunme of mxed liquor (18 liters) divided by nean cel
resi dence tinme (MCRT).

17
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During the last five mnutes of REACT period, different
dosages of alumwere added to three of the reactors while no
alumwas added to the control unit, representing a BPR
activated sludge system After the five mnutes, the alum
feed, air, and m xer were stopped for SETTLE period. After
SETTLE period, each reactor drained out one half of the total
vol ume of mxed liquor as effluent (9 liters). The SBR

design criteria are given in Table 2.
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Table 2. SBR Design Criteria

Par anet er

Cycle Tine

Cycles in Each Reactor

FI LL Peri od

Vol une of Primary Effluent Feed

Ni trogen Gas Fl ow Rate

REACT Peri od

Total Vol unme of M xed Liquor

Air Fl ow Rate

SETTLE Peri od

DRAW Per i od

Vol une of Effl uent

Mean Cell Residence Tine

Vol une of Wasted M xed Li quor

Magni t ude

8 hour

3 cycl e/ day

3 hour

9 L

50 mM/mn

18 L

2450 M/ mn

0.5 hour

0. 25 hour

9 L

12 day

1.5 L/ day
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Appar at us

Four 33.7 liter (total volume) stainless steel cylindrical
tanks, as shown in Figure 1, were used for the reactors. Each
tank was 10 inches in dianeter and 3 0 5/8 inches high. The
bottom 8 inches were sloped at 2:1 to forma cone which
hel ped prevent sludge accumul ati on.

(1) Feed

Effluent fromthe primary clarifier of the Mason Farm
st ewat er Treatment Plant at Chapel H Il was punped into the
| aboratory continuously. This was the wastewater influent to
the |aboratory SBR systems. The actuation of all feed punps
(influent, acetate, and alum was controlled by a tiner. A
TECHNI CON proportioning punp was used to feed sodi umacetate
at alowflowrate (0.32 m/mn). MASTERFLEX punp heads,
variabl e speed drives, and solid state speed controllers were
used for the influent and alumfeed flows. MASTERFLEX t ubing
was used in the punp heads and TYGON tubing was used for all
other liquid and gas lines. Al feeds were added through
funnels fixed on top of the reactors; PVC pipes extended

into the tanks to prevent the splashing of feed causing air
transfer during anaerobic phase.
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(2) Gas

The conical bottons of each tank contained three outlets,
one of themwas used as a gas port which was connected to a
gas line receiving either air or nitrogen gas. The gases
were filtered by G LMONT No. 12122 0.2 urn autoclavable mini
capsule filters. The flowrates of nitrogen gas were

measured with G LMONT No. 11 conpact flowreters and air flows
were measured with MANOSTAT 36-54 6-215 flowreters. The air

and nitrogen flows were turned on or off by DAYTON 6X543
sol enoi d val ves actuated by tiners.  Styrofoam covers were
used on the liquid surface in each reactor to reduce oxygen

transfer fromthe atnosphere.

(3) Mxing

Shafts and inpellers, connected to DAYTON 200 rpm
gearnmotors, were used to provide mxing during anaerobic and
aerobic phases. Nitrogen gas and air also provided additiona
m xing during anaerobic and aerobic phases, respectively. A

the mxing was turned off by a timer-actuated relay during
SETTLE and DRAW peri ods.

(4) Discharge

The other two hol es on the bottom of each cone were used

as discharge ports. One was connected to the sanple tube and
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the other was connected to the drain punp fromthe standpi pe.
The sanpl es were withdrawn nmanual Iy while drain punps were
controlled by timers. The volume of effluent fromeach tank,
controlled by a standpipe in the reactor, was designed to be
9 liters out of 18 liters total liquid volume. Note that the
| DLE period was included in the DRAWperiod, which is 15

mnutes, in this experinent. The systemflow schematic is

illustrated in Figure 2.

(5) Timer contro

A DAYTON 2E026 24-hour programtine switch was used as
the main tiner to control the 8 hour repeating cycle, with 3
hours nornally closed (N.C.) for the FILL period and 5 hours
normal Iy open (N.Q.) for the rest of the cycle, as shown in

Figure 3. Cycles started at 8:00 AM 4:00 PM and 12:00
m dni ght .

During the 3 hour FILL (anaerobic) period, the influent
and acetate punps were actuated by the normally cl osed
circuit. The normally-closed solenoid val ve connected to the
nitrogen gas tank was actuated to open. Meanwhile, the
motor mxers and the second normal | y-cl osed solenoid air
val ve controlled by a relay were actuated through the
separate nornal ly-closed relay. Since the first nornally-

cl osed solenoid air val ve connected to the air source was not

actuated, no air was provided during this period.
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FI GURE 3. SBR TI MER CONTROL DESI GN
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After 3 hours, the normally closed circuit of the main
timer swtched off and the normally open circuit was actuated,
termnating the influent, acetate, and nitrogen gas feeds.
Meanwhile, a 5 hour delay timer, set at 250 m nutes, was
actuated, and the first air valve was opened for the REACT
(aerobic) period. After 250 mnutes, the nornally-open
contacts of the delay timer closed and the alumfeed punp was
activated through the normally-closed contacts of a 15
mnutes tiner, set at 5 mnutes. After 5 nore mnutes, the
al um punp stopped and a 30 mnute delay timer, set at 30
mnutes, was actuated for the SETTLE period. At the same
time, the 120 VAC relay was switched to open, stopping the
m xers and closing the second air valve. After 30 mnutes,
the drain punps were actuated by the 30 mnute timer for the
DRAW period to drain treated effluent. At the end of 15
m nutes, DRAWperiod, another entire cycle was started by
activating (closing) the normally closed circuit on the main
time swtch. The status of punps, valves, and m xers during
each SBR period are illustrated in Table 3.

Al tinmers described above are CRAMER 472A-E reset tiners

wired to reset upon opening swtch supplying power to the

timer. These timers all reset upon opening of the normally
open circuit of the 24 hour main time switch. A SOLA 1200-A

standby power source was provided to prevent undesired timer
resets froma tenporary power interruptions.
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Tabl e 3. APPARATUS STATUS DURI NG SBR PERI GDS

Durati on (hour)
| nfl uent punp
Acet ate punp

Ni t rogen val ve

Air valve 1

Air valve 2

Al um punp

M xer

Drain punp

FI LL

3

3

9

OFF

REACT  (ALUM

( FEED)

4. 25 (5 mns)
OFF OFF
OFF OFF
OFF OFF
OoN oN

ON oN
OFF ON

ON ON
OFF OFF

SETTLE

OFF

OFF

OFF

OFF

OFF

OFF

OFF
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DRAW

OFF

OFF

OFF

OFF

OFF

OFF
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Experi nental Stages

This study was divided into four experinental stages to

i nvestigate the effects of alum additions under different

condi ti ons.

(1) Start up

Initially, each reactor was filled with nine liters of
m xed liquor. Five of nine liters were collected fromthe
Mason Farm Pl ant' s aerati on basin and the other four liters
were fromother pilot units that were successfully renovi ng
phosphorus biologically. The reactors were started in the
anaer obi ¢ phase. A performance testing stage was used to
test the simlarity between reactors under the sane operating
condi ti ons. No al um was added until sinmlar results were
reached in these four reactors. The data for this stage is
given in Appendix A-1l. After the performance testing stage,
reactor #1 was chosen as the control unit, which received no
al um addi ti ons. Reactors #2, #3, and #4 received 26, 52, and
104 ng/1 of alum (AI2(S0O')3 *14H20), respectively. These doses
woul d have been enough to precipitate 2, 4, and 8 ng/1l of
di ssol ved phosphorus (based on an Al :P weight ratio of
1.2:1), if that nuch were left at the end of the aerobic
phase. Note that the al um dosage of reactor #4 was nore than
enough for chem cal precipitation wi thout any bi ol ogi cal

phosphorus renoval .
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(2) Favorable BPR stage - Stage |

During the period Decenber 10, 1986 to January 13,
1987 (day 7-41), the units were provided sodium acetate feed
of 40 ng/l carbon (favorable BPR condition) to i nvestigate

the effects of alum additi ons under this condition.

(3) Unfavorable BPR stage - Stage |1

From January 14 to February 11, 1987 (day 42-70)
the units were not provided acetate feed (unfavorabl e BPR
condition) to investigate the effects of alum additions under
this condition. Sodi um bi carbonate (50 ng/l CaC03) was
provided to raise the alkalinity | evel because significant
drops of pH |l evels were observed after the discontinuing the
acetate feed. The sodi um bi carbonate feed was added duri ng

t he anaerobi ¢ phase using acetate punp for conveni ence.

(4) Partially favorable BPR stage - Stage ||

From February 23 to April 2, 1987 (day 82-120) the
units were provi ded sodi um acetate feed of 15 nmg/l carbon and
sane strength of sodium bi carbonate as in stage Il. This
stage was used to investigate the effects of alum additions
under this partially favorable BPR condition. The strength of
15 nmg/ | carbon was determ ned by changi ng the concentration
of acetate feed to the control unit after the end of stage |
and testing effluent orthophosphate (P04-P) concentration by

Hach Ami no Acid Met hod. The strength of acetate feed was
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adjusted until the effluent P04-P concentration was on the

margin of 1 ng/l limt to investigate the opti nal

strength of

acetate feed for BPR The operation conditions and data are

gi ven in Appendi x A-2.
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Experi nent al Met hods
(1) Muintenance

a) Sodium acetate (21.35 g/1) was prepared in a one liter
reagent bottle for each reactor. It was made fresh every 5

days.

b) Alumwas prepared in a one liter reagent bottle for each
alumunit (0.43, 0.85, and 1.70 g/1 Al for reactors #2, #3,
and #4, respectively). It was nmade fresh every 6 days.

c) The conpressed nitrogen gas cylinder was replaced every
10 days.

d) The punp tubes of the Autoanal yzer (acetate feed punp)

were replaced once a nonth

e) Mxed |iquor was wasted everyday near the end of the

aerobi ¢ phase, before the alumfeed.

g) Ar flowrates were adjusted to maintain approximtely 5
my/ 1 of dissolved oxygen (DO concentrations at the end of

t he aerobi c phase.

f) Equal anounts of sodium acetate and al um were added to
each reactor and nonitored by the marked reagent bottles.
The walls of each reactor were marked to indicate vol umes;

water |evels of the reactors were nonitored by observing

water levels in the sanple tubes.
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(2) Sanpling

a) Unfiltered influent sanples were grabbed once a week and
preserved by adding concentrated sulfuric acid to pH Iess
than 2 for total phosphorus (TP) and total Kjeldahl nitrogen
(TKN) anal yses. Filtered sanples were collected twce a week
and filtered through WHATMAN GF/ F gl ass mcrofiber filters
for orthophosphate (P04-P), amonia nitrogen (NH3-N), and

oxi di zed nitrogen (NOx-N) anal yses.

b) Anaerobic phase mxed |iquor sanmples were collected tw ce
a week, 15 mnutes before the end of the FILL period. After

being centrifuged and filtered, they were frozen until P0O4-P,
NH3- N and NOx- N anal yses were run

c) Aerobic phase m xed |iquor sanples were collected tw ce
a week, 15 mnutes before the end of the REACT period. The
same procedure and anal yses were conducted as for anaerobic

sampl es.

d) Effluent sanples were collected about two mnutes after
the beginning of the DRAW period tw ce a week. It was
desirable to wait until solids in the standpi pes had been
fl ushed out before sampling. The sane procedures as for

i nfluent sanples were conducted for P04-P, NH3-N, NOx-N, TKN

and TP anal yses.
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(3) Anal yses

PO4- P, NH3-N, and NOx-N anal yses were conducted twi ce a
week (see Table 4). TP and TKN were di gested and anal yzed
once a week. An ORI ON SCI ENTI FI C auto anal yzer was used for
the analysis. This included an AS-140 sanpl er, AP-200 peri -
staltic punp, AR-200 recorder, and two AC-1 Q0O colorineters
and conbi nati on anal ytical cartridges. The CFA-PC data
handl i ng system was al so used to conpute the data. Spi ked and
duplicate sanples were used in each anal ytical run for
quality control. Analyses were perforned according to the

Orion Scientific Instrunents Manual. These were based on the

met hods approved by EPA (1979) and Standard Met hods (1985).

The pH of influent, effluent, and nixed |iquors for
anaer obi ¢ and aerobic periods were neasured tw ce a week
using an ORION 701A digital pH nV neter. The concentrations
of BODS of the influent, effluent, and sodium acetate feed
were deterni ned once a week followi ng the procedure in
St andard Met hods (1985), part 507, including nitrification
inhibition. The dissolved oxygen (DO |evels were nmeasured
with a WESTON and STACK 330 Di ssol ved Oxygen Anal yzer. The DO

concentrations were checked during the anaerobi c phase, but

this neasurenent was term nated after two weeks because of

t he constant zero | evel .
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TABLE 4. Anal yses of SBR Sanpl es

Anal ysi s Sanpl e Frequency
(per week)

PO4- P I nfl uent 2
(filtered) Anaer obi ¢ phase 2
Aer obi ¢ phase 2
Ef fl uent 2
NH3- N I nfl uent 2
(filtered) Anaer obi ¢ phase 2
Aer obi ¢ phase 2
Ef fl uent 2
NOx- N I nfl uent 2
(filtered) Anaer obi ¢ phase 2
Aer obi ¢ phase 2
Ef fl uent 2
™™ I nfl uent
(unfiltered) Ef f1 uent 2
TKN I nfl uent 1
(unfiltered) Ef fl uent 2
PH I nfl uent 2
Anaer obi ¢ phase 2
Aer obi ¢ phase 2
Ef fl uent 2
BODS I nfl uent
Ef fl uent 1
SS I nfl uent 1
M xed Li quor 1
Ef fl uent 1
VSS M xed Li quor 1

Svi M xed Li quor 1
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Suspended solids (SS) and volatile suspended solids (VSS)
concentrations were deteirmned according to Standard Met hods,
part 209 C and D using WHATMANGF/ C gl ass m crofiber filters.
The suspended solids of influent, effluent, and m xed |iquor
were nmeasured once a week. The sludge volune index (SVI) was

det er m ned once a week.
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RESULTS AND DI sCuUussl ON

I nfl uent Characteristics and OQperati ng Conditions

The systeminfluent was the primary clarifier effluent
of the Mason Farm Treatnent Plant. The average concentrati ons
and standard devi ations of its various constituents for each
stages are summari zed in Table 5. The systeminfluent in
this study contains 80 ng/1 SS, 110 ng/1 BODS, 30 ng/ 1l TKN,
17 ng/1 NH3-N, and 5 ng/1 TP, and could be classified as a
weak wastewater. The average tenperature of the system

influent was |ow, 15°C, through the period of this study.

The average | evels of nixed |iquor suspended solids
(M.SS), as shown in Table 6, seemin the sane range for al

units in Stage | (1310-1540 nmg/1). Lower |evels of M.SS (760-

1200 ng/L) were observed in Stage |11, especially reactor #3,
as illustrated in Figure 4. Because of the I ow |l evel s of
M.SS in Stage I, the MCRT was increased in Stage |1l from 12

days (the MCRT of Stages | and I1) to 25 days to increase the
M.SS levels in Stage II1. However, only reactor #1 showed

significant increase of MLSS |levels in Figure 4.

The | evels of MLVSS al so showed the simlar trend as

MLSS did, as shown in Table 6 and Figure 5. Since the bound

wat er in alum num hydroxi de woul d not release in the M.SS
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TABT. E 5. AVERAGE CHARACTERI STI CS OF

SYSTEM | NFLUENT+

PARANVETER ™ I I
pH AVG 7.2 7.3 7.3
STD 0.1 0.1 0.1

NH3- N AVG 16. 8 16. 6 17.0

STD 4. 8 4. 8 4. 6

NOX- N AVG 0.2 0.1 0.2
STD 0.2 0.1 0.2

PO4- P AVG 3.1 3.1 2.7
STD 1.0 1.1 0.9

TP AVG 5. 4 5 3 5. 3
STD 1.5 1.8 1.4

TKN AVG 28 24 30
STD 7 8 6

BODS AVG 113 109 93
STD 27 19 25

SS AVG 81 67 79
STD 30 23 17

+ ALL VALUES EXCEPT pH ARE EXPRESSED I N ng/1

* T : ENTI RE EXPERI MENT PERI OD

141
16

86
28
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TABLE 6. AVERAGE OPERATI NG CONDI TI ONS
PARANMETER #1 #2 #3 #4
ALUM DCSAGE (ng/l) o 26, 52 104
* STAGE AVG STD AVG STD AVG STD AVG STD
l 1540 100 1400 95 1310 140 1430 200
MLSS (ng/ ) (| 1200 180 1010 210 760 200 1010 240
1l 1840 130 1240 260 1080 290 1290 190
I 1310 80 1170 90 1100 90 1120 125
MLVSS (ng/l) 11 1000 180 820 180 630 170 750 170
(N 1350 100 920 160 770 195 860 110
I 85 2 84 2 85 2 78 3
VSS (% 11 82 4 81 3 83 3 75 5
M_VSS/ MThSS (N 73 2 75 3 72 3 67 2
I 160 6 110 10 90 8 80 6
SVI (m/qg) I 160 21 110 18 80 22 70 19
111 190 46 80 8 60 12 60 10
[ 12 12 12 12
MCRT ( DAY) I 12 12 12 12
(N 25 25 25 25
* STAGE | ACETATE FEED IS 40 ng/l C
STAGE 11 ACETATE FEED IS O ng/l C

STAGE 111 ACETATE FEED 1S 15 ng/l C
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FI G 4 COVPARI SON O MSS
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test (103°C) until in the M.VSS test (550°C), the organic,
MLVSS |l evels of the alumunits in this experinment were | ower
than the |l evels shown in Table 6. In another experinent (not

shown here), 15 to 2 0 percent of weight of alumprecipitate

at 103°C was | ost upon determ ning VSS at 550°C.

It is unclear why reactor #3 showed significant | ower
|l evel s of MLSS and MLVSS in Stage I, and why only the
control unit (reactor #1) showed significant increase of MSS
and MLVSS fromthe increase of MCRT in Stage Il1l. The turbid
effluents in reactor #3, as shown in Table 7, m ght explain
the |l owest levels of MLSS in reactor #3. However, fromthe
excell ent BOD renovals (96-99% for all units in Table 8, the
increase of turbidity in reactors #3 and #4 did not result in
a proportional increase in effluent BODS concentrations. This
suggests that nost of the effluent solids in the alumunits
may be inorganic solids. Therefore, the significant |ower
Il evels of MLVSS in reactor #3 nay not be due to the wash out
of the organic solids in turbid effluents, and nore studies
need to be conducted. The detail ed effluent suspended solids

and BOD data nay be found in Appendi x A-5.

According to Table 7, the effluent suspended solids
concentrations generally increased when nore al um was added.
However, reactor #3 showed poorer solids renoval perfornmance

(67-769% than did reactor #4 (75-81% . The reason for this
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TABLE 7. AVERAGE EFFLUENT SUSPENDED SOLI DS PERFORMANCE

PARAVMETER STAGE FEED #1 #2 #3 #4
ALUM DOSAGE 26 52 104
(ng/ 1)

AVG 74 7 9 19 16

STD 23 2 1 2 6

SS (ng/ 1) Il AVG 79 9 10 25 22
STD 17 2 4 9 a

11 AVG 86 6 12 24 15

sSTD 28 2 4 7 3

[ AVG - 91 89 76 81

REMOVAL (% I AVG 90 88 73 75

[ AVG 93 83 67 76
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TABLE 8.

PARANETER

ALUM DCSAGE

(mo/ 1)

BOD5 (ng/ )

REMOVAL (%

+ FEED BODS

*

STAGE |
STAGE ||
STAGE |11

STAGE*

| AVG
STD

11 AVG
STD

[ AVG
STD

| AVG
11 AVG
[ AVG

= PRI MARY EFFLUENT BODS + ACETATE FEED BODS

ACETATE FEED BOD5 =66 ny/|
ACETATE FEED BODS = 0 ng/|
ACETATE FEED BODS =25 ny/|

FEED+

175
19

93
25

166
16

#1

w

bW

99
97
o8

#2

26

98
96
97

AVERAGE BI OCCHEM CAL OXYGEN DEMAND PERFORNMANCE

#3

52

<1

o8
97
97

#4

104

99
98
o8

45

(38 % OF FEED BOD5)
( 0 % OF FEED BOD5)
(15 % OF FEED BODS)
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observation i s uncl ear. Turbid effluents fromalumunits
have al so been observed by Barth (1967), and G ay (1976).
Perhaps, a brief period of gentle agitation prior to solids
separation shoul d be used, as suggested by EPA (1976), to
pronote floccul ati on and prevent the chem cal floe from

di sintegrating by m xing. The excell ent performance of
suspended solids renoval for the control unit has al so been

shown at the full-scale SBR plant in Cul ver, Indiana (1985).

In Table 6, significant drops of the average percentages
of m xed liquor volatile suspended solids (VSS) were observed
in Stage |1l (67-75% conpared with Stages | and Il (75-85%,
as shown in Figure 6. The |lower VSS percentages in Stage |11
may due to the longer MCRT, in spite of increased acetate
f eed, because the higher MCRT | eads to nore endogenous
respiration. If the bound water in alum num hydroxide is
excl uded, the percentages of VSS in the alumunits woul d be
even |l ower. Therefore, the VSS percentages in reactors #2
and #3 actually m ght be Iower than the control unit. The
reason for the | owest percentage of VSS of reactor #4 in all
stages is not clear, but it mght be because the greatest

dosage of alumwas fed into reactor #4.

As to settleability, the units receiving al um showed
significant | ower average SVIs (60-110 m/g) than the contro

unit (160-190 nl/g), and as nore alumwas added | ower SVIs
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were obtained in the alumunits, as shown in Table 6. These
have al so been observed by Eberhardt and Nesbitt (1968),

Barth and Ettinger (1967), and Finger (1973). The effect may
be caused by an increased sludge density or nore effective
aggregration by the alumfloes. The detailed data of these

solids characteristics are given in Appendi x A-4.
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Ef fect of Al um Additi ons on Phosphorus Renoval

(1) Phosphorus Renoval by the Control Unit

The data in Table 9 show that the control unit renoved
93, 69, and 83 percent of total phosphorus in Stages I, |1,
and IlIl, corresponding to acetate additions of 40, 0 and 15
mg/ 1 carbon, respectively. This result suggests that the
strength of acetate feed nay be inportant to BPR  \When the
acetate feed was discontinued in Stage |Il, the percentage of
TP renoval dropped from93 to 69 percent. In Stage |11, the
acetate feed was subsequently resuned at one third of the
strength in Stage |, TP renoval increased to 83 percent. The
i nportance of acetate on biological phosphorus renoval has
al so been observed by ot her researchers (Chi esa, 1986; GCerber,

1986) .

Si nce effluent TP concentrations did not be neasured
until day 30, the variation of effluent TP in Stage |, as
shown in Figure 7, can be hardly conpared with the other two
stages. |If PO4-P concentrations at the end of aerobic phase
were used to show the performance of phosphorus renoval, as
illustrated in Figure 8, the control unit showed constant | ow
effluent PO4-P in Stage |, constant higher P0O4-P in Stage 11
and |l arge variations of PO4-P in Stage IIl. Although the
reason for the bigger P variations in Stage Ill, as shown in

Figures 7 and 8, is unclear, the higher strength of acetate
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TABLE 9. PHOSPHORUS REMOVAL BY THE
CONTROL UNI' T

STAGE
PARANETER I 11 111
ACETATE ADDI TI ON
(nmg/1 © 40 o) 15
FEED
TP (mg/l) AVG 5.3 5.3 5.5
STD 1.8 1.4 0.7
EFFLUENT
TP (ng/ 1) AVG 0.4 2.1 1.4
STD O 2 (@) 7 a 3

REMOVAL (29 AVG 93 69 83
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f eed was added, the nore constantly good P renoval was

obser ved. therefore, the inportance of acetate feed on

BPR can be assur ed.

When the | ow average P-release (4.1 ng/l) during the
anaer obi c phase was observed in Stage |1, as shown in Table
10, poor aerobic P-uptake during the aerobic phase was
observed. This suggests that | ow P-rel ease during anaerobic
phase coul d predict poor P-uptake during the aerobic phase.
However, when the sane range of average P-rel ease during
anaer obi ¢ phases were observed (13.4 and 12.7 ng/l in Stages
| and 111, respectively), the P04-P concentrations at the end
of aerobic phases were significantly different (0.1 and 1.6
mg/l in Stages | and IIl, respectively). The difference in
P- upt ake performances suggests, that high range of P-rel ease
duri ng anaerobi c phase does not necessarily guarantee good

P- upt ake duri ng aerobic phase and that other factors nust be

i nvol ved.

For good phosphorus renoval, a ratio of BODS to TP
greater than 20 to 25 has been suggested by Tetreault et
al . (1986). The average ratios in these experinents were 37, 17,
and 31 during the three stages, respectively (see Table 10).
In Stage I1l, this ratio is higher than 25 and approxi mately
in the sanme range as in Stage |I. Neverthel ess, phosphorus

renoval by the control unit in Stage |11 was pooer than
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TABLE 10. PHOSPHORUS PERFORMANCE OF THE
CONTROL UNI'T AT THE END OF
ANAEROBI C AND AEROBI C PHASES

PARANMETER

ACETATE ADDI TI ON
(ng/1 Q)

ANAEROCBI C PHASE

PO4-P (ng/l)

AEROBI C PHASE
PO4-P (nu/l)

* FEED BOD5/ TP

* FEED BOD5 =

STAGE

| 11

m (0]

AVG 13. 4 4. 1
STD 5 2 1.5
AVG 0.1 2.0
STD 0.1 0.5
AVG 37 17

PRI VMARY EFFLUENT BOD5S +
ACETATE FEED BOD5

15

31
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Stage I. In these two stages, the phosphorus | oadi ngs

were simlar (5.3 and 5.5 ng/1l, see Table 9) and feed BOD
concentrations were also simlar (175 and 166 ng/1l, see Table
8). The only clear difference is that higher strength of
acetate feed was provided in Stage | (40 ng/1 carbon) than

in Stage Il (15 my/1 carbon). The better BPR performance with
hi gher acetate feed in Stage | suggests that the concentration
of acetate may play a nore inportant role on on BPR t han

the strength of wastewater. It is also shown in the study of
Gerber et al. (1986) that acetate pronotes nore phosphorus

renoval than does glucose addition at the same equival ent COD

concentrati on.

However, the longer MCRT in Stage IIl may or may not
af fect the phosphorus renpoval performance. |If the | onger MCRT
is not favorable to phosphorus-accumnul ati ng organi sns, the
acetate strength of 15 ng/1l in Stage Il nmay be enough to
the MCRT was sane, but perfornance differed greatly. Thus,
the inportance of acetate feed on phosphorus renmoval can be
assured. More studies need to be conducted to investigate

the effects of MCRT on BPR and the optinal dosage of acetate

feed for BPR
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(2) Phosphorus Renoval by the Units Receiving Al um

Significantly | ow average P-rel eases during the anaerobic
phases in Stage Il, as shown in Table 11 and Figure 9, were
observed in the alumunits as well as the control unit.

Thi s suggests that acetate plays an inportant part on P-rel ease
in the alumunits, as well as in the control unit. Significant
average P-rel eases were observed in the alumunits during

anaer obi ¢ phase (5.8-10.5 ng/1l) in Stages | and Ill1. The nore
al um added, t he | ower theobservedP04-P rel easein all stages,

but the effect of alum additionson suppressing P-release is

| ess drastic than the discontinuity of acetate feed in Stage 11

The | ower average P04-P concentrations during anaerobic
phases in the alumunits could be caused by precipitation or
adsorption of rel eased phosphate by Al (l111). However, if Al
(I''1) precipitation or/and adsorption is responsible, one
woul d expect the P0O4-P concentrations in the liquid of the
alumunits during anaerobic phase in Stage Il to be nuch
| ower because of the anpbunt of alum present shoul d be enough
to precipitate (or adsorb) the | ow phosphorus concentration
reveal ed by the control unit (see Table 11). The P04-P
concentrations in Stage |l suggest strongly that the extent
of precipitation or adsorption was snall. The suppression of

P-rel ease in the anaerobic alumunits al so could be caused by
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TABLE 11. PHCOSPHORUS PERFORNMANCE AT THE END OF
ANAEROBI C PHASES+

ACETATE
FEED STAGE

(ng/ 1 O

40 |

15 L1

+ ALL VALUES EXPECT ALUM DCSAGES ARE EXPRESSED

FEED

AL UM
AVG 3.1
STD 1.1
AVG 2.7
STD 0.9
AVG 3.3
STD 0.7

IN ng/l AS P04-P

#1 #2
DOSEAGE
o 26

13. 4 10. 1
5.2 3.7

4.1 3.5

1.5 1.7

12. 7 10. 2
4.8 3.7

#3 #HA4
(ng/ 1)

52 104
10. 5 7.1
3.8 2.9
2.7 2.1
1.4 1.2
8. 3 5.8
3.5 3.7
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other factors, perhaps the interference of alum numions wth

t he mechani sns of P-rel ease.

From Tabl e 12, the oxidized nitrogen concentrations
(NOx-N) at the end of the anaerobi c phases were undetectabl e
in all units. This verifies the truly anaerobic condition in
thi s phase. However, these units would be anoxic at the
begi nni ng of anaerobi c phase because there woul d be sone
nitrate in sludge retained in the system The presence of
nitrate in the anaerobi c phase would inhibit P-rel ease
(Hascoet, 1985). However, the concentrati on of NOx-N at the
end of the aerobic phase decreased with increase in alum
dosage. So, the depression of P-release in the alumunits by
the inhibitory effect of nitrate would not be a reasonabl e

hypot hesi s.

Both P-rel ease and excess P-uptakes were observed in
Stages | and 111, as shown in Table 11, regardl ess of what
nmechani sns caused the lower P-release in alumunits. Note
that reactor #3 and #4 showed good P-uptake throughout the
experinent, even in Stage Il, and reactor #2 showed better P
renmoval than the control unit (reactor #1) in all stages.

Thi s suggests that the addition of alumcould increase the
reliability of BPR processes and that addition of nore al um
shoul d decrease the effects of unfavorabl e BPR conditions
(e.g. reduction in the strength of acetate in wastewater

feed).
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TABLE 12. OXI DI ZED NI TROGEN DATA AT THE
END OF ANAEROBI C AND AEROCBI C

PHASES+
#1 #2 #3 #4
ALUM DOSAGE 0 26 52 104
STAGE NOx- N (ANA, ) *
[ AVG 0.0 0.0 0.0 0.0
sSTD 0.0 0.0 0.0 0.0
Il AVG 0.0 0.0 0.0 0.0
STD 0.0 0.0 0.0 0.0
(N AVG 0.0 0.0 0.0 0.0
sSTD 0.0 0.0 0.0 0.0
NOx- N (AER. ) **
I AVG 5.3 5.1 4.5 3.5
STD 2.0 1.6 1.2 1.3
I AVG 7.2 6.6 3.9 1.5
STD 1.5 1.4 1.9 0.8
1 AVG 6.6 6.1 4.1 1.3
STD 1.3 1.3 0.7 0. 4

+ ALL VALUES ARE EXPRESSED I N ng/1

(ANA.) - ANAEROCBI C PHASE
** (AER ) - AEROBI C PHASE
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Fromthe literature and perfornance of the control
unit, the P-release in the anaerobic phase is an inportant
step for BPR during the aerobic phase. Since the relative
i nportance of BPR and alum precipitation in the alumunits is
hard to identify in this study, the P-release during the
anaer obi ¢ phase was used as an indication of the activities
of phosphorus-renoval organi sns. Considering the drop in P-
rel ease during Stage Il and resunption of P-rel ease during
Stage Il in all units, additions of alum seemto have no
obvi ous adverse effect on the activities of phosphorus-
accunul ati ng organisns. This also can be seen fromthe P
renpval performance of reactor #2 because the anopunt of al um
added in this unit is too small to account for the phosphorus
renoval . The addition of acetate has greater effect on the
BPR performance. The detail ed phosphorus perfornmances are

given in Appendix A-6 and the effluent TP concentrati ons nay

be found i n Appendi x A-5.
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(3) Effectiveness of Alum Precipitation

For al umi num phosphate (A1P04) precipitation, the
theoretical nolar ratio of alum added per nole of phosphorus
renoved is one. A nolar ratio |l ess than one woul d suggest a
contribution from BPR. In Table 13, the nolar ratios of
reactor #2, which are based on the difference of influent TP
and effluent PO4-P concentrations, are less than 1.0 for all
stages (0.62, 0.85, and 0.51 in Stages |, Il, and |11
respectively) denonstrating the contribution of BPR The
ef fl uent P0O4-P concentrati ons were used to approxi mate
sol ubl e phosphorus concentrati ons. These nolar rati os were
cal cul at ed assuni ng no suspended phosphorus in the effl uent
to elimnate the interaction effect of effluent suspended
solids on TP concentrations because the presence of high

phosphorus-content solids in effluent would i ncrease TP

concentrati ons.

Since in this experinent constant alum dosages were used
without trying to match i nfluent phosphorus concentrati ons,
some alumunits with very |low effluent P could be overdosed.
Therefore, the nolar ratios of reactors #3 and #4 greater
than 1.0 do not necessarily nean | ess or no BPR invol ved, or
inefficient precipitation of alum num phosphate. Wth nearly
100 percent phosphorus renoval in some alumunits, the nolar

rati os could be overesti nat ed because it coul d have been

possi bl eto achieve this perfornmance with | oweral um dosage.
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TABLE; 13

PARANETER STAGE

ALUM DCSE

(itigl)

AVG
STD

PO4-P (ny/l) I AVG

STD

[ AVG
STD

| AVG

REMOVAL (%9 1 AVG
[ AVG

| AVG
+MOLAR RATI O 11 AVG
[ AVG

FEED

#1

<0. 1
<0. 1

-100
52
81

#2

26

<0.1
<0. 1

<0.1

-100
83
-100

*0. 62
0. 85
*0. 51

+ BASED ON THE DI FFERENCE OF FEED TP AND EFF.

*

OVERESTI MATED VALUE

DEFI NED | N TEXT

#3

52

<0. 1
<0. 1

- 100
98
100

*1. 24
1.31
*1.02

PO4- P

EFFLUENT PHOSPHORUS PERFORNMANCE

#4

104

<0.1
<0.1

<0.1
<0.1

-100
100
100

*2.48
*2.56
*2. 03
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TABLE. 13 EFFLUENT PHOSPHORUS PERFORMANCE ( CONT.)

PARANVETER STAGE FEED #1 #2 #3 #4
ALUM DOSAGE 0] 26 52 104
(iag/1)

I AVG 5.3 0.4 0.5 0.4 0.3

STD 1.8 0.2 0.1 0.1 0.1

TP (ng/ ) Il AVG 5.3 2.1 1.1 1.2 0.6
STD 1.4 0.7 0.4 0.4 0. 4

(N AVG 5.5 1.4 0.5 0.9 0.5

STD 0.7 1.3 0.1 0.4 0.1

I AVG -~ 93 91 93 95

REMOVAL (% Il AVG - 69 73 79 87
(N AVG 83 91 81 91

I AVG - - 0. 89 1.34 2.61

++MOLAR RATI O I AVG - 1.98 1.64 2. 95
Il AVG 1.12 1.27 2. 24

++ BASED ON THE DI FFERENCE OF FEED TP AND EFF. TP
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It can be concluded that the nolar ratios for reactor #3 and
#4 in Stages | and |1l were overesti rated because reactor #2,
with | ower alum dose, also achieved the sane perfornance (see
Table 13). As for the nolar ratios of reactor #2 in Stages |
and Il1l, it is possible that they too were overestimated
because of the nearly 100 percent P04-P renoval in these
stages. Since the P04-P renoval of reactors #2 and #3 in

Stage Il are less than 100 percent, the nolar rati os were not

over esti mat ed.

In Stage 11, the nolar ratio of reactor #2 (0.85) is
hi gher than in Stage |I (0.62) and Stage |1l (0.51), show ng
|l ess BPR activities. This was caused by the discontinuity of
sodi um acetate feed. However, the extents of BPR and al um
precipitation can not be identify fromthe nolar ratios. The
rel ati onshi ps between the concentrations of acetate feed and
effluent TP, shown in Figure 10, illustrate the inportance of

acetate feed on phosphorus renoval.

If influent and effluent TP concentrati ons were
consi dered, instead of influent TP and effl uent P04-P concen-
trations, the nolar ratios would be higher (see Table 13).
This nmay due to the effluent suspended bi omass, which woul d
be high in phosphorus content after |uxury uptake, also, from

t he suspended Al -P solids. The solids with high phosphorus

content would contribute to the effluent phosphorus
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FI G 10 EFFECT OF ALUM AND ACETATE ON EFF. TP

STAGE Il : Ac« O/l C
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STAGE | : Ac - 40 ng/l C —H

20 #2 40 #3 60 80 120

ALUM DOSAGE (/1)
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concentration in TP anal yses, making the removal of effluent
suspended solids inportant. For exanple, if the effluent
suspended solids of reactor #2 contain 5 percent of
phosphorus, 8 ng/1 of suspended solids would contribute 0.5
ng/ 1 of phosphorus. This would increase the nolar ratio from
0.51 to 1.12, which does not denonstrate the contribution of
BPR in the conbined-treatment. Therefore, it would be nore
suitable to use effluent soluble phosphorus (or P04-P)

instead of TP concentrations to eval uate BPR technol ogy
because the performance of solids removal woul d affect the

ef fluent TP concentrati ons.

Therefore, the effect of effluent suspended solids on
phosphorus renoval coul d explain why reactor #3 did not show
better performance than reactor #2 (see Figure 10). Under the
SBRoperation with alumadditions, a nmolar ratio of 6.6 was
reported by Ketchumet al. (1987) to obtain acceptable phos-
phorus concentrations in the effluents. This high value was
based on effluent TP concentrations, so it could be due to
the turbid effluents instead of the inefficient combined-

treat nent .

In Table 13, the nore alumwas added the nore
phosphorus was renoved by precipitation in Stage II. Wen
nore BPR was involved in Stages | and |11, increase in alum
added in the reactors did not inprove the phosphorus renoval
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as much as in Stage Il. (The worst phosphorus renoval of
reactor #3 in Stage IlIl may due to the turbid effluent).
Therefore, the addition of alumcould help to renpve
phosphorus when BPR perfornmance fell off, however, when nore

BPR i nvol ves the alum precipitation would not be as effective

as when | ess BPR i nvol ves.
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Ef fects of Alum Additions on Nitrification

Wth respect to nitrification perfornmances, the average

concentrati ons of ammonia nitrogen (NH3-N) and oxi di zed
nitrogen (NOx-N) in effluents are given in Table 14. |If poor
nitrification occurs in the system both the NH3-N renoval
and effluent NOx-N concentration would be low. According to
Tabl e 14, poorer nitrification was observed in reactor #3 in
the last two stages because hi gher average NH3-N (3.8-5.8
nmg/ 1) and | ower average NOx-N (3.6-5.0 ng/1l) were observed
conpared with the NH3-N (0.1-0.6 ng/1l) and NOx-N (6.0-6.8
ng/ 1) of reactors #1 and #2. As to reactor #4, much wor se
nitrification was observed in these two stages (Il and I11)
with 10.2-11.7 ng/1 and 1.4 nmg/1 of average NH3-N and NOx- N
concentrations, respectively. Thus, the poor nitrification in

reactors #3 and #4 clearly shows that the additions of alum

caused di m ni shed nitrification.

Si nce the decreased M.VSS | evels of the alumunits may
not be due to the wash out of solids, as discussed earlier,
the poor nitrification in reactors #3 and #4 could be caused
by the inhibition of AI(lI11). This inhibitory effect on
nitrifiers by the addition of alum al so has been proposed by
Long et al. (1971) and Unz et al. (1975). Although Barth et
al. (1967) concluded that alum numion has no adverse effect

on nitrification, their conclusion was based on one nonth's
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TABLE 14. NI TRI FI CATI ON PERFORVANCE - COVPARI SON OF
EFFLUENT AMVONI A AND OXI DI ZED NI TROGEN+

FEED #1 #2 #3 #4
ALUM DCSAGE 26 52 104
STAGE AMVONI A NI TROGEN ( NH3- N)

| AVG 16. 6 0.3 0.4 1.0 2.9
STD 5.4 0.6 0.8 1.5 3.8
11 AVG 17.0 0.2 0. 6 5.8 11. 7
STD 2.6 0.1 0.6 4.8 3.0
111 AVG 17.0 0.1 0.2 3.8 10. 2
STD 3.8 0.1 0.1 2.6 3.9

OXI DI ZED NI TROGEN ( NOx- N) *
| AVG 0.1 5.3 5.1 4.5 3.5
STD 0.1 2.0 1.6 1.2 1.3
11 AVG 0.2 6.7 6.0 3.6 1.4
STD 0.2 1.2 1.1 1.4 0.5
111 AVG 0.2 6. 4 6.8 5.0 1.4
STD 0.2 1.4 1.9 0.6 0.6

* OXI DI ZED NI TROGEN = NI TRATE NI TROGEN (NO3-N) +
Nl TRI TE NI TROGEN ( NO2- N)
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observation and may not be applicable to the long term
effect. Actually, fromthe conparisons of NH3-N and NOx- N
concentrations at the end of aerobic phases, as illustrated
in Figures 11 and 12, reactor #4 did not show di m nished
nitrification until the systemwas operated for a nmonth (at
day 30), which suggests that the inhibitory effect on nitri-
fication by the additions of alumwas a |ong-termeffect.

From Figures 11 and 12, reactor #3 did not show poor
nitrification until Stage Il (at day 57), but still showed
better nitrification than reactor #4 did. This shows that
when nore alumwas added, poorer nitrification occurred.
However, it is unclear why reactors #3 and #4 showed better
nitrification performances between day 80 and 90 in Stage
I[11. Detailed data of NOx-N are given in Appendices A7 and

A-8, respectively.

It is unclear how and why alumaffects the nitrification
process. Though there may be a pH reduction after alum was
added, the average pH of alumunits during the anaerobic and
aerobi c phases were still in the neutral range (6.9-7.3), as
given in Table 15. Therefore, the deteriorated nitrification
coul d not be caused by the reduction of pHor alkalinity

levels in the alumunits. Detailed pH data are givenin
Appendi x A-9.
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TABLE. 15 AVERACGE pH VALUES AT THE END OF
ANAEROCBI C AND AEROBI C PHASES

ANAEROBI C PHASE AEROBI C PHASE

STAGE
#1 #H2 #3 #4 #1 #2 #3 #4
AVG 7.2 7.1 7.1 7.0 7.2 7.3 7.3 7.2
STD 0.1 0.1 0.1 o0.1 0.2 0.2 0.1 0.1
11 AVG 7.0 7.0 7.0 6.9 7.0 7.0 7.3 7.3
STD 0.1 0.1 -0.0 O0.1 0.1 0.1 -0.0 0.1
Il AVG 7.0 6.9 6.9 6.9 7.3 7.2 7.3 7.3

STD -0.0 0.1 -0.0 0.1 0.1 0.1 0.1 0.1
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Cossett et al. (1978) have observed that al um sl udge
decreases the biodegradability of organic nitrogen compounds
i n anaerobi ¢ digestion. They speculate that in the floes the
added chemical may forma barrier to the enzymati c hydrol ysis

of conplex materials - a sort of "cage" effect. Perhaps this

effect could cause dimnished nitrification.

Anot her possibility is that since alumis a good coagu-
lant, the addition of alum may increase the fl oe density,
whi ch has been shown in the SVIs of alumunits in Table 6,
causing the interior of the floes to becone anaerobic. The
interior anaerobic condition m ght occur even when the oxygen
concentration in bulk liquid is maintai ned at high |evel.
Si nce the nunber of nitrifiers is nuch snmaller than hetero-
trophic organisns, the nitrifiers will be nore sensitive to
this interior anaerobic effect. As nore alumis added, the
possibility of creating the interior anaerobic condition
i ncreases. Since phosphorus-accumul ati ng organi sns could |ive
wel | under the aerobic/anaerobic conditions, the interior
anaerobic effect may not deteriorate perfornmance of BPR while
deteriorating nitrification. Mre studies need to be done to

investigate the inhibitory effects on nitrification by the

addi ti ons of alum
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CONCL USI ONS

Fromthe results of this experiment, it can be

concl uded t hat :

(1) The additions of alum decreased the |evels of SVI,

MLSS, and M_VSS.

(2) The additions of alum produced higher SS in effluents

wi t hout i ncreasi ng BODS concentrati ons.

(3) Acetate plays an inportant role on the mechani sns of

BPR. The nobre acetate was added (15-40 ng/1 C), the

better BPR was observed in all units.

(4) No adverse effect on BPR was observed in reactor #2,
whi ch received 26 nmyg/1 of alum The additions of alum
in reactors#3 and #4, which received 52 and 104 ny/1
of alum respectively, seemto have no obvi ous adverse
effect on BPR Theaddition of acetate has greater

ef fect on BPR t hanal um dose.

(5 D mnished nitrification was observed in reactors #3
and #4, which showed the poorest nitrification.
The additions of alum may not be feasible when both

phosphorus renoval and nitrification are required.
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FUTURE RESEARCH

From the conclusions of this study,there are several
areas of research that need to be conducted to investigate

the feasibility of conbined cheni cal -BPR acti vated sl udge

processes.

(1) M crobiol ogical exam nati ons need to be conducted to

further identify the inhibitory effect of alum additions

on nitrifiers and heterotrophi c organi sns.

(2) The effects of acetate, MCRT, and ot her operation

conditions on BPR processes need to be investigated for

t he opti mal BPR operati on.

(3) The effects of adding alumw th the dosages of based on
the treated effluent of BPR i nstead of constant dosage
need to be investigated and conpared with this study to

evaluate the feasibility of adding alumfor the

conbi ned treat nent.

(4) The effects of the additions of other chem cals, iron

salts or linme, on BPR processes need to be investigated

to conpared with the effects by alum additions.
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APPENDI X

Performance Testing Stage Data

Data for Testing Partially Favorable BPR Conditions
Primary Effluent - SystemInfluent Characteristics
M xed Liquor Solids Characteristics

Ef fl uent Characteristics

Ot hophosphate (P04-P) Data

Ammoni a Nitrogen (NH3-N) Data

Oxi di zed Nitrogen (NOx-N) Data

pH Dat a
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A-1. PERFORVANCE TESTI NG STAGE DATA
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180

(NH3-N) (mg/ O
(ANA.) (AER.)
<< /74 #1 @] << #4
7.6 7.9 0.1 0.0 0.0 0.0
6.5 8.6 0.0 0.0 0.0 0,0
7.2 7.2 0.0 0.0 0.0 0.0
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0.6 0.0 0 0.0 0.0
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(PO4-P) (nmg/l)
(ANA. ) (AER. )
#3  #4 #1 #2  #3  #4
22 24 0.1 0.1 0.0 0.0
26 27 0.0 0.0 0.0 0.0
22 25 0.0 0.0 O, 0.0
27 28 0.0 0.0 O, 0.0
31 28 0.0 0.0 0.0
34 33 0.0 0.0 0.0 0.0
27 27 0.0 0.0 0.0 0.0
4 3 0.0 0.0 0.0 0.0
SLUDGE VOLUME | NDEX
<my/ 1) (SV1) (m/g)
#3  #4 #1 #2 #3  #4
1385 1421 345 443 318 443
1463 1774 347 455 437 411
1424 1598 346 449 378 427
39 177 1 6 60 16
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0.0 0.0 7.8 7.6 7.6
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A-2. DATA FOR TESTI NG PARTI ALLY FAVORABLE BPR CONDI TI ON

DAY DATE OPERATI ON

70 FEB. 11 ADD SCDI UM ACETATE OF 20 ng/| CARBON TO REACTOR #1
72 FEB. 13 DI LUTE THE ACETATE CONCENTRATION TO 10 ngy/l CARBON
77 FEB. 18 CHANGE THE ACETATE CONCENTRATION TO 15 ngy/| CARBON

81 FEB. 22 ADD SCDI UM ACETATE (15 ng/l CARBON) TO ALL UNITS

P04- P DATA OF REACTOR #1 AT THE END OF AERCBI C PHASE

NMETHOD
DAY HACH ANALYZER
71 O. O O. 1
S a. O
e oOo. s
- == 1 [ @ J

ALL VALUES ARE EXPRESSED I N nu/t
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A-3. PRI MARY EFFLUENT - SYSTEM | NFLUENT CHARACTERI STI CS

DAY DATE pH NH3-N NOX-NPO4-P TP TKN BOD5  SS

8 DEC.11 7.3 16.5 .1 3.1 54 24 86 31
13 16 7.3 17.6 0.0 1.9
16 19 7.3 14.2 4.0 7.4 29 122 72
19 22 7.2 19.6 0.0 4.0
23 26 7.2 9.7 0.2 1.7 3.4 15 96 41
26 29 7.1 16,1 0.1 3.3
30 JAN. 2 7.2 7.7 0.0 1.4 3.1 16 105 81
33 5 7.3 19.3 0.1 95
37 9 7.4 23.3 0.0 4.6 7.3 36 138 80
41 13 7.3 22.6 0.0 4.1
43 15 7.3 22.5 0.0 3.9 4.9 35 113 68
47 19 7.1 12.9 0.5 1.5
50 22 7.0 10.1 0.4 1.4 3,4 19 46 75
54 26 7.3 14.6 0.1 64
57 29 7.3 15.9 0.2 2.6 31 90 71
61 FEB. 2 7.5 21.2 0.1 3.6 7.4 34 116 63
64 5 7.4 0.1 2.8 5.5 32 100 108
69 10 7.2 22,1 0.0 2.8 103
71 12 7.1 20.1 0.0 2.5 35 124 156
76 17 7.4 20.7 0.1 4.0 29 72
78 19 7.3 16.2 0.3 2.9 115
82 23 7.2 10.6 0.7 2.7 76
85 26 7.0 14.3 0.6 3.4 6.1 25 166 68
89 MAR 2 7.1 11.6 0.3 2.4
99 12 7.0 7.1 0.5 5.2 5.5 27 146
103 16 7.2 20.9 0.0 3.6
106 19 7.1 19.2 0.2 3.1 4.4 25 120 79
110 23 7.1 16.6 0.1 2.8
113 26 7.1 19.9 0.1 3.1 6.4 35 138 85
117 30 7.1 21.4 0.0 3.8
120 APR. 2 7.1 18.5 0.0 3.2 4.9 25 139 60
AVG 7.2 16.8 0.2 3.1 5.4 28 113 81
STD 0.1 4.8 0.2 1.0 7 27 30
MAX 7.5 23.3 0.7 5.2 36 166 156
M N 7.0 7.1 0.0 1.4 15 46 31

ALL VALUES EXCEPT pH ARE EXPRESSED I N ny/|
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A-4. M XED LI QUOR SCOLI DS CHARACTERI STI CS

St age Day

23

33
37

43
50
54

61
64
69

82
85

106
113
120

Dat e

DEC. 26
31
JAN. 5

AVG
STD

JAN. 15
22
26
29
FEB. 2

10

AVG
STD

FEB. 23
26
MAR. 12
19
26
APR. 2

AVG
STD

#1

1624
1653
1408
1464

1537
104

1427
1066
1055
1395
1188

918
1365

1202
183

2003
1617
1870
1742
1905
1902

1840
126

MLSS (mg/1)
#2 #3
1494 1491
1349 1241
1485 1119
1267 1369
1399 1305
95 139
1237 1191
916 883
824 628
977 806
1400 575
775 610
968 638
1014 762
209 204
1705 1455
1399 1425
1039 1101
1066 758
1274 1026
950 717
1239 1080
257 288

#4

1664
1420
1114
1529

1432
203

1244
808
803
1472
842
1026
850

1006
241

1043
1274
1129
1222
1525
1546

1290
188

#1

1388
1389
1239
1221

1309
79

1256
909
868

1149

1038
680

1073

996
178

1487
1216
1322
1226
1422
1407

1347
101

MLVSS (gl 1)
#2 #3
1283 1242
1111 1069
1218 985
1066 1122
1169 1104
86 93
1067 1012
781 719
660 516
761 627
1105 505
598 507
791 532
823 631
178 172
1208 1050
1039 982
758 756
831 531
926 758
752 551
919 771
163 195

#4

1264
1098

925
1180

1117
125

1010
626
571

1019
638
708
682

751
172

707
838
745
869
965
1027

859
113

HLVSS (X)
#1 #2 #3 #4
85 86 83 76
84 82 86 77
88 82 88 83
83 84 82 n
85 84 85 78

2 2 2 3
88 86 85 81
85 85 81 77
82 80 82 71
82 78 78 69
87 79 88 76
74 77 83 69
79 82 83 80
82 81 83 75

4 3 3 5
74 71 72 68
7% 74 69 66
71 73 69 66
70 78 70 71
75 73 74 63
74 79 77 66
73 75 72 67

2 3 3 2

Svi

(m/g)

#1 #2 #3 #4

166
151
156
164

159

175
169
190

143
185
139

162
21

275
204
155
132
163
205

189
46

127 101
111 89
101 80
118 88
114 90
10 8
121 76
120 68
133 127
113 62
71 52
103 82
114 78
111 78
18 22
88 69
86 70
67 45
75 66
86 49
84 42
81 57

8 12

78
70
81
85

79

96
74
100
54
59
49
59

70
19

58
47
44
49
66
71

56
10


NEATPAGEINFO:id=4592EE97-FC40-4959-8222-A0767A385B7A


A-5. EFFLUENT CHARACTERI STI CS

TP (ngy/ O TKN (ng/ 1) BOO5 (ng/t) SS (ny/l)
STAGE DAY  DATE #1 #2  #3  #4 #1 #2 <« #4 #1 #2 #3 #4 #1 #2 « #4
16  DEC 19 1 3 3 1
23 26 1 2 2 0
30 JAN 2 0.2 0.4 0.3 0.1 1.1 1.6 1.8 1.0 2 3 3 1 5 8 17 10
I 33 5 0.5 0.6 0.4 0.3 2.1 2.6 4.5 8.2
37 9 0.7 0.4 0.4 0.5 5.2 51 7.2 12.0 2 2 3 3 9 9 21 21
41 13 0.5 0.7 0.5 0.5 2.1 2.6 2.5 11.7
AVG 0.4 0.5 0.4 0.3 2.6 3.0 4.0 8.2 2 3 2 1 7 9 19 16
STO 0.2 0.1 0.1 0.1 1.6 1.3 21 4.4 1 0 0 1 2 12 6
43 JAN. 15 2 2 2 2 6 517 19
a7 19 2.2 0.5 0.9 0.2 1.6 1.9 7.7 8.2
50 22 1.0 1.5 0.5 0.2 2.0 2.6 1.8 11.0 12 2 1 12 13 17 19
11 54 26 3.1 1.5 1.1 0.4 1.3 1.0 2.7 10.1 4 3 3 2
61  FEB. 2 2.6 1.5 1.3 0.7 1.5 3.4 15.2 17.5 4 5 5 4
64 5 1.6 1.0 1.7 1.3 2.1 3.4 14.2 18.0 3 5 3 3 9 14 38 28
69 10 2.2 0.6 1.4 0.9 1.0 2.0 16.2 19.0 7 9 26 22
AV6 21 1.1 1.2 0.6 1.6 2.4 9.6 14.0 3 3 3 2 9 10 25 22
STD 0.7 0.4 0.4 0.4 0.4 0.8 59 4.3 11 11 2 4 9 4
85  FEB. 26 2.8 0.5 0.4 0.7 2.0 1.5 1.6 8.1 3 3 3 4 6 12 14
89 HAR 2 1.9 0.4 0.5 0.3 1.4 1.2 1.8 7.6
103 16 0.3 0.6 0.7 0.6 1.6 3.5 8.7 16.2
106 19 0.1 0.3 0.6 0.6 1.3 2.2 10.3 12.7 3 5 4 5 10 16 26 22
111 110 23 41 0.5 0.7 0.6 1.4 2.0 6.7 15.9
113 26 0.2 0.6 1.6 0.5 1.5 2.2 10.2 18.0 3 4 4 3 6 13 29 16
117 30 1.5 0.7 1.2 0.3 1.0 1.8 6.8 16.8
120 APR 2 0.8 0.7 1.5 0.3 1.5 1.6 6.8 13.2 2 4 4 2 4 13 28 17
AVG 1.4 0.5 0.9 0.5 1.5 2.0 6.6 13.5 3 4 4 3 6 12 24 17

STD 1.3 0.1 0.4 0.1 0.3 0.7 3.2 3.7 1 1 0 1 24 7 3


NEATPAGEINFO:id=169317A7-5F82-4B79-AAF0-066352D6D3DF


A-6.

CORTHOPHOSPHATE <P04- P) DATA - (ng/l)

STAGE DAY DATE

16
19
23
26
30
33
37
41

43
47
50
54
57
61
64
69

82
85
89
103
106
110
113
117
120

DEC. 19
22
26
29
JAN. 2

13

AVG
STD

JAN. 15
19
22
26
29
FEB. 2

10

AVG
STO

FEB. 23
26

16
19
23
26
30
APR. 2

«<6
STD

I NF.

=
IN

Pow o oA
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A-7. AMVONIA NITROGEN (NH3-N) DATA - (mg/l)

STAGE DAY DATE
16 DEC. 19
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A-8. OXI DI ZED N TROGEN (NOx-N) DATA - (my/1)

STAGE DAY DATE

19 DEC. 22

23 26
26 29
| 30 JAN. 2
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Bl #2 #3 #4
5 4.3 50 5.6
8 3.7 3.4 3.6
2 5.4 5.1 5.3
0 2.4 2.2 22
3 5.6 4.3 2.6
7 7.7 6.1 3.5
9 6.5 55 20
.3 5.1 4.5 3.5
0 1.6 1.3
7 8.9 6.8 2.8
7 4.3 4.4 2.2
8 6.2 5.3 1.7
3 6.3 5.8 1.8
3 7.3 3.1 1.2
1 7.0 1.7 0.8
7 4.8 1.4 0.5
8 7.9 2.4 0.7
2 6. 3.9 1.5
5 1.4 1. 0.8
3 3.8 3.5 1.0
9 5.4 53 1.7
8 4.2 4.5 1.0
2 6.1 3.0 0.7
6 6.4 3.2 0.9
5 7.1 4.2 1,4
5 7.9 4.2 10
0O 7.6 4.6 1.7
6 6.4 4.3 2.1
6 6.1 .1 1.3
3 1.3 0.7 0.4

EFFLUENT
Bl #2 #3 #4
4.6 4.0 4.5 2.4
6.0 5.0 5.0 1.6
6.0 6.0 1.7
6.5 6.8 , 1.3
8.2 6.2 ,2 0.8
8.4 7.3 2,1 0.7
7.0 6.8 2,0 1.1
6.7 6.0 3,6 1.4
1.2 1.1 1,4 0.5
5.3 5.3 53 1.8
4.9 4.2 4,5 1.1
4.2 11.0 5.5 0.3
T. | 7.7 4.1 1.1
7.2 5.3 6.3 1.3
7.6 7.4 5.0 1.2
8.0 7.5 4.9 1.9
6.6 6.4 4.7 2.4
6.4 6. 1.4
1.4 1. 0.
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pH DATA

A-9.

EFFLUENT

AERGCSI C PHASE

ANAERCBI C PHASE

#1 «2 #3 #4 #1 #2 #3 #4 #1 #2 )if3 #4

I NF.

STAGE DAY DATE

16 DEC.19 7.3 7.2 7.2 7.27.0 7.37.37.47.2 7.67.37.37.0

7.2 6.97.17.07.0 6.97.17.17.0 7.67.47.36.8
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JAN. 15

43

6.9 6.3 6.4

7.1

6.7 6.7 6.6 6.5

7.1

19
22

47

3 7.2 6.7 6.5
6.6

1
3

7.

9
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6.6 6.6
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9
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3
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